Background: It is unknown whether extremely high high-density lipoprotein cholesterol (HDL-C) has a protective effect against diabetes, which plays a key role in cardiovascular disease. Methods: In a community-based cohort study of 387,642 subjects (40-68 years old) without diabetes, the incidence of diabetes 6 years later was determined according to baseline HDL-C (≤39, 40-49, 50-59, 60-69, 70-79, 80-89, 90-99, 100-109, or ≥110 mg/dL). Results: At baseline, HDL-C ≥100 mg/dL was present in 12,908 subjects (3.3%), who had a better lipid profile and a high prevalence of heavy alcohol consumption and habitual exercise. The incidences of diabetes according to baseline HDL-C were 14.7, 11.2, 7.7, 5.3, 3.8, 2.8, 2.7, 2.5, and 3.5 per 1000 person-years, respectively. The adjusted relative risks (ARRs) for diabetes showed concave relationships with HDL-C, with minima at 80-89 mg/dL. The ARR (95% CI) of the lowest HDL-C category was 1.56 (1.40-1.74) and of the highest HDL-C category was 1.46 (1.18-1.81) (both p < 0.001), regardless of alcohol consumption. The latter ARR was higher in men (n = 219,047) (2.45 (1.70-3.53), p < 0.0001) after adjustment for baseline glycemic index. Conclusion: Both extremely high and low HDL-C represent risks for diabetes, which deserves further study.
Introduction
Evidence from very large-scale clinical studies indicates that people with a low serum concentration of high-density lipoprotein cholesterol (HDL-C) are at greater risk of cardiovascular disease (CVD) [1] [2] [3] . Therefore, a high concentration of serum HDL-C has long been considered to be associated with a lower risk of atherosclerosis, consistent with the concept of "the higher the better". In addition, a lower limit for serum HDL-C, such as 40 mg/dL, is used as a guideline for the prevention of CVD in American and Japanese guidelines [4, 5] ; however, an upper limit and an optimal concentration of HDL-C have not been determined. Furthermore, although high HDL-C concentrations can be attributed to genomic factors, including APOA1, LCAT, ABCA1, and CETP genotypes [6] [7] [8] , and particular lifestyles, such as heavy alcohol drinking [9] [10] [11] and habitual exercise [12] [13] [14] , the risk associated with high HDL-C and its association with other CVD risks have been poorly characterized.
During the last decade, doubt has been cast on the protective effect of very high HDL-C against CVD [15] [16] [17] . Large cohort studies have shown that higher mortality rates associated with CVD, including due to myocardial infarction and stroke, are observed in individuals with HDL-C values over 80-100 mg/dL [18] [19] [20] [21] [22] . To date, however, conclusive evidence has not been obtained, possibly because of the small proportion of people with extremely high HDL-C in the general population [17] , which hampers proper statistical analysis in even quite large samples. Thus, the precise proportion of individuals with very high HDL-C and its underlying etiology have not been determined.
The prevalence of type 2 diabetes, an important risk factor for CVD, has been increasing worldwide. Type 2 diabetes is associated with atherosclerosis and a greater risk of CVD-related mortality, and has a complex, multifactorial etiology involving genetic predisposition, obesity, other endocrine diseases, and an unhealthy lifestyle, including smoking, heavy alcohol drinking, and infrequent exercise [23, 24] . In this context, we hypothesized that the incidence of diabetes may be relatively higher in people with extremely high HDL-C. Therefore, we investigated the relationship between serum HDL-C concentration and the incidence of diabetes in a 6-year community-based observational cohort study of 387,642 Japanese people.
Methods

Study Design
We conducted a composite multidisciplinary study involving the secondary use of mandatory health check data, in Japan, which was termed the "Kanagawa Investigation of the Total Checkup Data from the National Database" (KITCHEN), aimed at elucidating the factors primarily associated with cardiometabolic diseases. The overall study concept and design has been described in detail elsewhere [25] . From 2008, everyone aged 40-74 years living in Japan has been encouraged to undergo an annual specific health check, managed by the Ministry of Health, Labor, and Welfare (MHLW) [25, 26] . The current study was of everyone who underwent this specific health check and who was living in Kanagawa prefecture, the population of which (approximately 9.1 million) is the second biggest in Japan. During the period between 2008 (baseline) and 2014, the number of subjects undergoing the standard health check has increased annually in Kanagawa (from 37% to 50% across the entire population of 40-74-year-olds), in parallel with the nationwide trend [25] . Nationally, almost 50% of the population attended a health check in 2014, probably because of political encouragement for people to participate in these checks.
The study protocol was approved by the ethics committee of Kanagawa University of Human Services (No. and the MHLW in Japan (No. 121). We received digitally recorded anonymous data from the MHLW, as part of its nationwide program, involving the provision of medical data to third parties [25] . To further protect against the identification of specific individuals, their ages were categorized as 40-44, 45-49, 50-54, 55-59, 60-64, 65-69, or 70-74 years before the datasets were obtained, so that an individual's precise age at the time of data collection was not identifiable by the researchers.
Subjects
This cohort study used data collected from people who attended health checks twice 6 years apart: between April 2008 and March 2009, and between April 2014 and March 2015. The inclusion and exclusion criteria are shown in Figure 1 . A total of 387,642 people (219,047 men and 168,595 women) aged 40-68 years at baseline satisfied these criteria and were enrolled in the study. People aged 69-74 years at baseline were not enrolled because the data of such people after six years were unavailable. Subjects with pre-existing diabetes, those undergoing pharmacotherapy for dyslipidemia, and those residing in medical institutions, including hospitals and nursing homes, were not included. However, some of the subjects included had undergone pharmacotherapy for hypertension, and some had a history of CVD. All of these conditions were digitally recorded as answers in a questionnaire. hypertension, and some had a history of CVD. All of these conditions were digitally recorded as answers in a questionnaire.
Figure 1.
Exclusion criteria and subject disposition in the study.
To evaluate subject age as a single numeric value, we transformed the age groups (40-44, 45-49, 50-54, 55-59, 60-64, and 65-69 years) into substituted ages (s-age), corresponding to the median for each age group (42, 47, 52, 57, 62, and 67 years, respectively). Subjects were also classified into nine categories according to their baseline HDL-C concentration: ≤39, 40-49, 50-59, 60-69, 70-79, 80-89, 90-99, 100-109, and ≥110 mg/dL, which were ~10 mg/dL higher than the categories used in a previous study [20] , because the HDL-C of Japanese people tends to be ~10 mg/dL higher than that of people in western countries [27] and the values in Japan were likely to have increased over the previous two decades [28] . Following the annual health check, subjects with or at risk of metabolic syndrome are expected to undergo health guidance provided in-house or by outsourced healthcare agencies [25, 26] , although this is not obligatory. Such health guidance can be classified into two categories, intensive or motivational, depending on the outcomes of the health check [26] . Intensive health guidance involves follow-up consultations by e-mail, phone, or face-to-face for up to 6 months, as previously described [25] .
Measurements
Body mass index (BMI) was calculated as mass (kg) divided by the square of height (m). Biochemical measurements were performed automatically using standard methods. Serum low-142,231 subjects excluded • They had an HDL-C of <10 mg/dl or ≥300 mg/dl at baseline.
• There was incomplete data at baseline or 6 years later. 33,243 subjects excluded who had pre-existing diabetes at baseline. 387,642 subjects were analyzed in the cohort study. To evaluate subject age as a single numeric value, we transformed the age groups (40-44, 45-49, 50-54, 55-59, 60-64, and 65-69 years) into substituted ages (s-age), corresponding to the median for each age group (42, 47, 52, 57, 62, and 67 years, respectively). Subjects were also classified into nine categories according to their baseline HDL-C concentration: ≤39, 40-49, 50-59, 60-69, 70-79, 80-89, 90-99, 100-109, and ≥110 mg/dL, which were~10 mg/dL higher than the categories used in a previous study [20] , because the HDL-C of Japanese people tends to be~10 mg/dL higher than that of people in western countries [27] and the values in Japan were likely to have increased over the previous two decades [28] . Following the annual health check, subjects with or at risk of metabolic syndrome are expected to undergo health guidance provided in-house or by outsourced healthcare agencies [25, 26] , although this is not obligatory. Such health guidance can be classified into two categories, intensive or motivational, depending on the outcomes of the health check [26] . Intensive health guidance involves follow-up consultations by e-mail, phone, or face-to-face for up to 6 months, as previously described [25] .
Body mass index (BMI) was calculated as mass (kg) divided by the square of height (m). Biochemical measurements were performed automatically using standard methods. Serum low-density lipoprotein cholesterol (LDL-C), HDL-C, and triglyceride (TG) concentrations were measured automatically, mainly (in~85% of samples) spectrophotometrically (using a direct, non-precipitation method) [29, 30] , and the remainder were measured using other methods, following rigorous instructions from the MHLW [25] . Fasting plasma glucose (FPG) was mainly measured (~54% of samples) spectrophotometrically or potentiometrically (~30%). HbA1c was mainly measured using an immunoassay (65%) or high-performance liquid chromatography (17%) [25] .
All subjects had either or both their HbA1c and FPG measured (65% and 72% of subjects had both measured at baseline and 6 years later, respectively), in addition to providing information about any pharmacotherapy for diabetes. Both pre-existing diabetes at baseline and diabetes after 6 years of the study were defined by the presence of HbA1c ≥ 6.5%, FPG ≥ 126 mg/dL, and/or the use of pharmacotherapy for diabetes. Most of the diabetes identified in this study was considered to be type 2 diabetes, because this is much more prevalent in middle-aged and older people [24] , although the type was not confirmed.
Statistical Analysis
Data are expressed as the mean ± SD, or median (interquartile range). Continuous and categorical variables were compared between HDL-C groups using analysis of variance (ANOVA) or χ 2 -tests, respectively. The incidence of diabetes per 1000 person-years was determined according to baseline HDL-C category. A logistic regression model was used to evaluate the relationship between baseline HDL-C category and the incidence of diabetes, with adjustment for potential confounding factors, which yielded adjusted relative risks (ARR) and 95% confidence intervals (CIs), because the incidence of diabetes was small (3.8% in total), meaning that adjusted odds ratios are near equivalent to ARRs. These associations were adjusted according to initial age and sex. Sequentially, additional adjustments for confounders at baseline were conducted, which were current smoking, alcohol intake (amount and frequency), exercise habits, use of pharmacotherapy for hypertension, BMI, and FPG. Additionally, a traditional linear model with an identity-link function via a generalized linear model was used to evaluate associations between HbA1c and FPG as continuous variables, which are unaffected by the criteria of diabetes, and baseline HDL-C categories. Statistical analysis was performed using SAS-Enterprise Guide (SAS-EG 7.1) in SAS software, version 9.4 (SAS Institute, Cary, NC, USA). p < 0.05 was considered to represent statistical significance. Table 1 shows the subject characteristics at baseline, classified according to the nine baseline HDL-C categories. While the median HDL-C concentration was 63 mg/dL in total (57 mg/dL for men and 71 mg/dL for women), there were 12,908 subjects with HDL-C ≥100 mg/dL (3.3% of the total). s-Age and the prevalence of women, regular exercise, and daily alcohol intake were higher in the higher HDL-C groups than in the lower HDL-C groups, whereas BMI, blood pressure, TG, LDL-C, HbA1c, and FPG were lower (by ANOVA or χ 2 -test; all p < 0.0001). Pharmacotherapy for hypertension, past history of CVD, and current smoking were less prevalent in higher HDL-C groups (χ 2 -test; all p < 0.0001). However, the prevalence of heavy alcohol intake (≥69 g ethanol/day) showed a U-shaped relationship with HDL-C, with a minimum at 80-89 mg/dL HDL-C. Table 2 shows the incidence of diabetes, the use of pharmacotherapy, and other measurements after 6 years, classified according to baseline HDL-C category. Diabetes was recorded in 14,802 subjects (3.8% of the total), and the lowest incidences were recorded in men with a baseline HDL-C of 80-89 mg/dL (4.8/1000 person-years) and women with a baseline HDL-C of 100-109 mg/dL (1.5/1000 person-years).
Results
On the whole, the incidence of diabetes was higher in heavy alcohol drinkers than in mild-to-moderate alcohol drinkers in all HDL-C groups. The prevalence of pharmacotherapy for diabetes, hypertension, or dyslipidemia, and the concentrations of FPG and HbA1c, after 6 years, were lower in subjects with higher baseline HDL-C (all p < 0.0001; χ 2 -test or ANOVA), although there was a slightly higher prevalence of pharmacotherapy for hypertension in the highest HDL-C group (15.8%). In addition, the concentrations of HDL-C in the lower and higher baseline HDL-C categories were closer to the average values across all the subjects after 6 years. Table 3 shows the results of logistic regression analysis. An HDL-C of 80-89 mg/dL was used as the provisional reference, having considered the lowest incidences of diabetes among the nine groups (Table 2) . Compared with subjects who had an HDL-C of 80-89 mg/dL, those with an HDL-C <70 mg/dL were at significantly greater risk of diabetes (Model 2). However, after adjustment for confounding factors in addition to age and sex, subjects with an HDL-C ≥110 mg/dL were also shown to be at greater risk of diabetes, consistent with a concave relationship between ARR and diabetes incidence (Model 3), which was not substantially changed after participants were classified into mild-to-moderate or heavy alcohol drinkers. However, when the analysis was restricted to subjects who rarely drank alcohol (n = 145,410), those with an HDL-C of ≥110 mg/dL were not at greater risk of diabetes (1.42 (0.89-2.27)). When baseline FPG and HbA1c were further adjusted according to sex, men with an HDL-C of ≥100 mg/dL were shown to be at significantly greater risk of diabetes, whereas female subjects needed an HDL-C of ≥110 mg/dL to be at greater risk (Model 4). When subjects were restricted to those who were not on pharmacotherapy for dyslipidemia after six years (Model 3), the ARR of subjects with an HDL-C of ≥110 mg/dL was rather strengthened (1.60 (1.27-2.00), p < 0.0001). Table 4 shows the results of the generalized linear model for HbA1c and FPG as a continuous variable. Before adjustment for BMI (Model 1 and Model 2), high HDL-C of ≥100 mg/dL was inversely associated with HbA1c, which was not statistically significant after adjustment for BMI (Model 3). After full adjustment for confounders (Model 5), HDL-C of 90-99 mg/dL and of ≥110 mg/dL were positively associated with HbA1c. Similarly, after adjustment for BMI (Model 3), high HDL-C of ≥90 mg/dL was positively associated with FPG. However, after full adjustment for confounders (Model 5), only HDL-C of ≥110 mg/dL was significantly associated with FPG (Model 5). * Available n = 386,590. † Current regular smoker. ‡ Exercise to a light sweat for over 30 min per session, twice weekly. § Alcohol intake corresponding to <23 g ethanol per day. ¶ Alcohol intake corresponding to >69 g ethanol per day. Significant differences in systolic blood pressure and prevalence of pharmacotherapy for hypertension were observed between the 80-89 mg/dL and ≥110 mg/dL HDL-C groups (post hoc analysis: Bonferroni; p < 0.001). Significant differences in the proportions of heavy alcohol drinkers were observed between the 80-89 mg/d and the other HDL-C groups, except for the 90-99 mg/dL group (χ 2 -test; all p < 0.001). BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglyceride; FPG, fasting plasma glucose; CVD, cardiovascular disease. 5.7 ± 0.6 5.6 ± 0.5 5.6 ± 0. 
Discussion
Several studies conducted in recent years have shown that extremely high serum HDL-C may not be protective against the development of CVD [20] [21] [22] , although the underlying mechanism remains to be established. The findings of the present study suggest that individuals with extremely high HDL-C, around 110 mg/dL, may be at greater risk of diabetes, like those with a low HDL-C, suggesting a potential effect of high HDL on glucose metabolism. Alternatively, the present results suggest a possibility of extremely high HDL-C as a potential marker for diabetes and that individuals with extremely high HDL-C may be at an unfavorable state in terms of a relatively higher incident of diabetes, although the underlying mechanism may be complicated, which includes BMI and alcohol consumption.
This finding was made for the first time using a very large database of health check data obtained for people across the entire Kanagawa prefecture, which has the second-largest population in Japan, next to Tokyo. Furthermore, we have determined a provisional reference level of HDL-C, which, at least in terms of diabetes risk, may be higher than previously used for CVD: possibly around 80-89 mg/dL, rather than 60-70 mg/dL [15, 20] . Intriguingly, and consistent with our results, two previous studies conducted in Japan [22, 31] have shown that individuals with a high HDL-C (≥90 or 100 mg/dL) were more likely to have diabetes or high FPG (≥100 mg/dL) than those with an HDL-C of 80-89 mg/dL, although statistically significant differences were not described.
Thus, a concentration of HDL-C of >80 mg/dL, which has been conventionally considered to be very high, may not actually be "very high", but instead only relatively high or indeed an optimal concentration of HDL-C. In addition, previous clinical studies that have been considered large were unlikely to be sufficiently powered for the detailed analysis of participants with very high HDL-C (e.g., ≥80 mg/dL) [15, 18] , meaning that the categories in our study that represent a provisional optimal HDL-C and an extremely high HDL-C had been previously combined. Consequently, the impact of extremely high HDL-C on the incidence of CVD could not be appropriately evaluated.
In our study, the proportion of subjects with an HDL-C of ≥100 mg/dL at baseline (3.3%) was higher than in previous studies, yielding an adequate sample size of 12,908 for the group with extremely high HDL-C for reliable analysis. However, the proportion of subjects with an HDL-C of ≥100 mg/dL in our study was close to those of studies conducted in recent years by Ko [32] .
For the past decade, many clinical studies have shown that the usage of statin, a first-line therapy for high LDL-C, can increase the risk of diabetes [33] [34] [35] . However, the prevalence of subjects with pharmacotherapy for dyslipidemia was lowest in the highest HDL-C group (5%) in this study (Table 2 ). In addition, when subjects were restricted to those without pharmacotherapy for dyslipidemia, the ARR of HDL-C of ≥110 mg/dL was not attenuated (Table 3) . Therefore, high HDL-C and the relatively high incidence of diabetes in the highest HDL-C group are unlikely to be attributable to the usage of statin.
Numerous studies have demonstrated that people with low HDL-C are predisposed to type 2 diabetes [24] , and a Japanese cohort study also showed a greater risk of diabetes in people with low HDL-C [36] . Consistent with these, our present data demonstrate that people with low HDL-C are at greater risk of developing diabetes within 6 years. HDL particles can enhance glucose uptake by skeletal muscle and stimulate insulin secretion from pancreatic β cells [37] . However, this may only occur if HDL function is normal, and its anti-atherosclerotic, anti-diabetic, anti-inflammatory, and immunologic [13, 37] effects might be impaired in subjects with extremely high HDL-C.
In addition to the quantity and quality of HDL, high alcohol intake, slight hypertension, or smoking might combine to predispose towards diabetes, although these potential confounders were adjusted for in the statistical analyses conducted in this study. To date, the clinical profile of people with high HDL-C has been poorly characterized. In this study, the lipid profile and BMI of the highest HDL-C group seemed to be the best (with the lowest levels of TG, LDL-C, and BMI) of the nine HDL-C groups. In addition, subjects who habitually exercised to a light sweat were much more frequent in the highest HDL-C group. However, the profile was less favorable with regard to other known CVD risks: this group were older, and had a higher prevalence of heavy and/or daily alcohol intake, slightly higher prevalence of smoking, slight hypertension, and/or slightly higher prevalence of pharmacotherapy for hypertension. Taken together, the features of subjects with very high HDL-C may be heterogeneous, consisting of both sides of healthy and unhealthy elements.
Similar trends regarding other CVD risks were observed in individuals with extremely high HDL-C in studies by Ko et al. [20] , Hirata et al. [22] , and Moriyama et al. [31] , although the authors did not refer to them. The blood pressure findings might be consistent with the results of clinical trials that evaluated the effect of cholesterol ester transfer protein (CETP) inhibitors (torcetrapib and evacetrapib), which increased plasma HDL-C by 133% over 12 months, but also increased systolic blood pressure, on CVD events [38, 39] . In these studies, CETP inhibitors likely increased serum HDL-C beyond 100 mg/dL in a large proportion of patients in the test arm. However, such an increase in HDL-C would have been unlikely to mediate the protection against CVD events, although the underlying mechanism and the incidence of diabetes in this sample are unknown.
In our study, the prevalences of daily and heavy alcohol intake were both highest in patients with HDL-C ≥110 mg/dL (44.9% and 5.6%, respectively) among the nine HDL-C groups (Table 1) , although we had no information regarding the type of alcoholic beverage consumed. In general, a J-shaped relationship between alcohol intake and plasma TG has been shown [40, 41] . Intriguingly, however, the serum TG in participants with an HDL-C ≥110 mg/dL was the lowest, despite their high and frequent alcohol consumption. Seike et al. [42] reported in a systematic review that alcohol intake may be a risk factor for type 2 diabetes, especially in Japanese people with a low BMI (≤22.0 kg/m 2 ), although the mechanism remains to be established. In our study, subjects with HDL-C >110 mg/dL had the lowest BMI and consumed alcohol more heavily and frequently. In addition, after adjustment for BMI, the associations of HbA1c and FPG with high HDL-C were changed (Tables 3 and 4) . Therefore, a common mechanism may be at work.
Another major cause of high serum HDL-C may be CETP deficiency arising due to CETP gene mutations [6] [7] [8] . Unfortunately, the causes of the extremely high HDL-C in subjects in this study are unclear because gene sequencing and measurement of CETP activity were not conducted. However, it has been reported that in half of individuals with high HDL-C in Japan a CETP gene mutation is responsible [43] .
Several limitations of the study should be mentioned. First, the type of diabetes, for instance, type 2, type 1, or secondary, was not confirmed in this study, although type 2 diabetes is the most prevalent in the general population [24] . Second, HDL-C was measured by direct methods, rather than precipitation methods, which may affect the precision of the measurement and prevent comparison with previous data obtained using precipitation methods. However, it has been reported that most direct methods of HDL-C assay (six of eight) met the National Cholesterol Education Program total error goals for healthy individuals [30] . Third, the function of HDL, the subclass Apo A-I expressed, and the secondary causes of high HDL-C, including liver disease and hormone therapy in women, were not evaluated in this study. Fourth, the genetic background of the participants with respect to gene mutations, such as CETP and HTGL, was also unknown. Finally, as described above, the Japanese population has a higher concentration of HDL-C than the U.S. population [27] , and this has been increasing over the past two decades [28] . Therefore, the current conclusions may not be applicable to populations who have lower serum HDL-C concentrations.
In conclusion, individuals with extremely high HDL-C may be at greater risk of diabetes, like those with low HDL-C, and the optimal level for serum HDL-C, at least with regard to the prevention of diabetes, may be higher than previously thought. 
